Three new BODIPY dyes have been synthesized by a two-step synthetic route. This expands the series to nine different BODIPY dyes by this method. Naphtha[1,2-c]pyrrole was combined with 1-pyrenecarboxaldehyde to give a symmetric dipyrrin followed by reaction with boron trifluoride to give a symmetric highly conjugated BODIPY dye. Expanding this synthetic route to a more conjugated pyrrole fluorantho[2,3-c]pyrrole was combined with 1-pyrenecarboxaldehyde followed by reaction with boron trifluoride to give the asymmetric BODIPY dye (9). Dyes with the more highly conjugated fluoranthopyrrole resulted in a bathochromic shift of ca. 50 nm in the electronic absorption and showed greater stability of the LUMO energy, as determined by electrochemical measurements, compared to their naphthapyrrole analogs. All of the dyes synthesized by this method display molar absorptivities greater than 100 000 M À1 cm À1 with photoluminescence quantum efficiencies of 0.8-1.0. Excited state lifetimes of the dyes in dichloromethane are modest, ranging from 3.2 ns to 4.3 ns.
Introduction
Over the past decade, the interest in BODIPY (4,4-diuoro-4-bora-3a,4a-diaza-s-indacene) dyes has generated hundreds of new compounds. Although much of this work has focused on improving the lasing properties of these compounds, other applications have emerged. [1] [2] [3] [4] [5] In bioimaging, for example, tailoring of the photophysical properties of BODIPY dyes through synthetic modication has led to increased contrast and spatial imaging in living cells. [6] [7] [8] Appropriate meso substitution enables these probes to be directed to particular regions of cells allowing insight into specic bio-reactions in real time. [9] [10] [11] Other suitable applications for BODIPY dyes include dye sensitized solar cells (DSSCs) and opto-electronics, due in part to their near-unity luminescence quantum efficiency and NIR light absorption originally afforded by substitution at the meso-position of the dipyrrin core. 12, 13 This strategy to achieve absorption in the NIR region of the electromagnetic spectrum, though effective, is somewhat limited. Fortunately, an alternative strategy has been found which involves introducing aromatically fused BODIPY cores to achieve sizable absorption red shis. [12] [13] [14] [15] [16] [17] [18] [19] [20] Notably, bathochromic shis in the absorption spectrum have been achieved through b-substitution leading to fused ring systems incorporating biphenyl 21 (673 nm), indole
22
(607 nm), carbazole 23 (508 nm), and benzothieno 24 (658 nm).
Luminescence quantum efficiencies near unity were achieved with shorter-wavelength-absorbing BODIPY dyes; however, a signicant decrease in quantum efficiency was observed for the biphenyl-and benzothieno-fused BODIPY dyes, 0.51 and 0.05 respectively. In addition to lower quantum efficiencies, the synthetic route to these fused BODIPY dyes requires multiple synthetic steps, harsh chemicals, and expensive catalysts. Rurack et al. has achieved luminescence quantum efficiencies near unity with absorption wavelengths between 621 nm and 642 nm from phenanthrene-fused BODIPY dyes with various mesosubstituents.
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We have recently described a two-step route toward BODIPY dyes 26 in which formation of the dipyrrin was accomplished in the absence of solvent. Using naphthyl-pyrrole and a variety of aromatic aldehydes, a series of new BODIPY dyes were generated with long-wavelength absorption properties ranging from ca. 580 nm to 620 nm and near unity quantum efficiencies. It was argued that by judicious choice of aromatic aldehyde, i.e. sterically hindered versus non-sterically hindered, the BODIPY dyes generated would be either asymmetric or symmetric respectively, Scheme 1. To continue this study in an attempt to advance this new synthetic route as well as shi light absorption closer to the NIR, herein we report new BODIPY dyes based on uoranthene pyrroles, Scheme 1 (framed).
described. Chromatography was performed on a Teledyne Combiash R f + equipped with UV detection. High resolution mass spectral analysis was performed at the Mass Spectrometry and Proteomics facility at the Ohio State University. Elemental analysis was performed at Atlantic Microlabs Inc. Norcross, Georgia.
1 H NMR spectra were recorded on a Bruker 300 MHz NMR spectrophotometer at 298 K. Electronic absorption spectra were recorded at room temperature using an HP8453 photodiode array spectrophotometer with 2 nm resolution. All spectra were recorded at 298 K. Room temperature luminescence spectra in a 1 cm quartz spectrophotometer uorescence cell (Starna) in DCM were run on a Cary Eclipse uorescence spectrophotometer. Cyclic voltammograms were recorded under a nitrogen atmosphere using a one-compartment, three electrode cell, CH-Instruments, equipped with a platinum wire auxiliary electrode. The working electrode was a 2.0 mm diameter glassy carbon disk from CH-Instruments, which was polished rst using 0.30 mm followed by 0.05 mm alumina polish (Buehler) and then sonicated for 10 s prior to use. Potentials were referenced to a Ag/Ag + non-aqueous electrode with ferrocene as an internal standard, CH-Instruments. The supporting electrolyte was 0.1 M tetrabutylammonium hexauorophosphate (Bu 4 NPF 6 ) and the measurements were made in dry DCM. Luminescence quantum yields were determined at room temperature in HPLC-grade DCM relative to Rhodamine 6G as the reference (f ¼ 0.95, in ethanol). 29 The quantum yields were obtained using the following equation:
where s and r refer to the sample and reference, respectively, A is the absorbance at the excitation wavelength, h is the average refractive index of the solution, and D is the integrated area under the emission spectrum.
Time-resolved emission measurements
Excited-state lifetimes were measured by the time-correlated single photon counting (TCSPC) technique implemented by using an Edinburgh Instruments FLS920 photoluminescence spectrophotometer. The FLS920 was outtted with a Hamamatsu 2658P photomultiplier tube (PMT) mounted in a PMT housing cooled to À22 C. Laser excitation was provided by a 484 nm diode laser (Edinburgh Instruments EPL-485, 93 ps FWHM pulse width, 2 mm beam diameter) operated at 20 MHz. Time-resolved emission for compounds 1-9 was monitored at 608, 612, 612, 612, 610, 620, 605, 650 and 650 nm, respectively with a bandwidth of 5-10 nm. A 515 nm long-pass lter was placed before the entrance of the emission monochromator to remove laser scatter. Methylene chloride solutions of each compound were prepared with maximum visible absorbance values less than 0.2 OD. For each compound, at least two measurements were performed using air-saturated solutions at 22 AE 2 C. Each transient decay was recorded on a 50 ns time range (12.2 ps per channel) to achieve 10 000 peak counts. An instrument response function (IRF), with FWHM of 1.32 ns, was obtained by tuning the monochromator to 484 nm and collecting the laser light scattered by an aqueous Ludox solution. Emission decays were treated in Edinburgh L900 soware (v7.1.1) with a reconvolution t incorporating the Ludox-based IRF.
Scheme 1 Molecular structures of BODIPY dyes.
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Synthesis
In light of the recent report on the two-step synthetic route of highly conjugated BODIPY dyes 26 we have attempted to extend this synthetic route. By heating naphtha[1,2-c]pyrrole and 1-pyrenecarboxaldehyde at 80 C for 15 min followed by chromatography on silica gel, the red dipyrrin was obtained. The dipyrrin was converted to the BODIPY dye 7 (Scheme 2) by reaction with boron triuoride in the presence of triethylamine and dry DCM as previously described. Aer workup and purication, 7 was obtained as a golden solid. Characterization by high resolution mass spectrometry and 1 H NMR conrmed the structure. To further extend this procedure to more highly conjugated pyrroles, the readily available uorantho [2,3-c] pyrrole was chosen.
28 To obtain the dipyrrins based on this pyrrole; however, required heating at 140 C, considerably higher than the napthapyrrole based dipyrrins. Aer purication, the dipyrrins were converted to the BODIPY dyes 8 and 9 as previously described, Scheme 2. Due to their complex proton NMR spectra, these dyes were characterized by high-resolution mass spectrometry and their purity determined by elemental analysis. For naphtha [1,2-c] pyrrole, it was suggested that the steric bulk of the aldehyde determined the symmetry of the dipyrrin with the symmetric dipyrrin favored by highly substituted aldehydes. This does not seem to be the case with the uorantho [2,3-c] pyrrole. This is evidenced by the formation of the symmetric BODIPY dye 8 while the bulkier 1-pyrenecarboxaldehyde favors the asymmetric BODIPY dye 9. In addition, attempts to form BODIPY dyes from 3,4,5-trimethoxybenzaldehyde and 2-thiophenecarboxaldehyde, for comparison with our earlier study, resulted in only trace amounts of the desired products.
Spectroscopic properties
Electronic absorption and emission spectroscopy was performed for 7-9 in dry DCM at room temperature, Table 1 and Scheme 2 Synthetic route of BODIPY dyes. a Fluorescence quantum yields were obtained using Rhodamine 6G as a reference (f ¼ 0.94 in ethanol).
29 Fig. 1-3 . BODIPY 5, from our previous study, was included for comparison. Fig. 1A illustrates the electronic absorption spectra of 5 and 8. In general, electronic excitations of BODIPY dyes are the result of HOMO to LUMO transitions localized on the dipyrrin core. 1 Both 5 and 8 exhibit sharp electronic absorption features, with the maximum absorption of 5 at 596 nm (3 ¼ 158 000 M À1 cm
À1
) and of 8 at 642 nm (3 ¼ 110 000 M À1 cm À1 ).
The more highly conjugated BODIPY dye 8 shows a bathochromic shi of 46 nm compared to 5. The emission spectra of 5 and 8 are illustrated in Fig. 1B . The emission peak for 5 appears at 604 nm with a Stokes shi of 223 cm À1 . The emission peak for 8 appears at 654 nm with a slightly larger Stokes shi of 285 cm À1 . The luminescence quantum efficiency for 5 was determined previously to be 0.9.
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Typically BODIPY dyes with emission maxima greater than 600 nm exhibit quantum efficiencies well below unity. Notably, the quantum efficiency of 8 is 0.8, considerably higher than that observed for similar dyes with emission also peaking near 650 nm.
1
Normalized electronic absorption spectra of BODIPY dyes 7 and 9 are illustrated in Fig. 2A . Despite their structural differences with 7 symmetric and 9 asymmetric, both exhibit intense absorption peaks at wavelengths shorter than 400 nm indicative of the pyrene moieties. It is noteworthy that 9, which contains an extra pyrene arm compared to 7, displays similar but more intense absorption within this region of the spectrum. Similar to the other BODIPY dyes, both 7 and 9 display sharp, intense, absorption bands with absorption peaks of 599 nm (3 ¼ 138 000 M À1 cm À1 ) for 7 and 645 nm (3 ¼ 124 000 M À1 cm À1 ) for
9. This represents a 46 nm bathochromic shi for the more conjugated pyrrole, Fig. 2A and Table 1 . Emission of 7 is observed with a maximum at 613 nm with a Stokes shi of 381 cm À1 , Fig. 2B . Dye 9 displays an emission peak at 657 nm with a Stokes shi of 283 cm À1 , Fig. 2B . Luminescence quantum efficiencies for both 7 and 9 are at or near unity, Table 1 . It has been previously established that due to a nearorthogonal arrangement between the BODIPY core and its meso-substituent, there is typically no overlap of the p-electron clouds.
30 Indeed bulky meso-substituents limited by their size to freely rotate allow for extended lifetimes of the excited dyes by eliminating non-radiative decay mechanisms.
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Lifetime measurements of dyes 1-9 in DCM range from 3.2 ns to 4.3 ns suggesting the ability for non-radiative deactivation via some rotation at the meso positions. Surprisingly, dyes 8 and 9 exhibit the shortest lifetimes even though, structurally, they represent the most resistance to free rotation at the meso position. This suggests that another mechanism for non-radiative deactivation is likely responsible for the shorter excited-state lifetimes. Of the dyes in this study, only the pyrene-substituted BODIPY compounds 7 and 9 display signicant absorption in the UV region. For both 7 and 9, photoexcitation of the pyrene substituents at 344 nm results in emission peaking at 608 nm and 656 nm respectively, Fig. 3 . A small emission peak is observed for the asymmetric, more highly conjugated dye 9 at $450 nm associated with the pyrene moiety. The observation that excitation of the pyrene generates emission from the BODIPY core suggests either a through-bond or through-space intramolecular excitation energy transfer process. 30 
Electrochemical properties
Cyclic voltammetry experiments were performed for 7-9 in DCM with TBAPF 6 as the supporting electrolyte. A one compartment three electrode cell was employed with a platinum wire auxiliary electrode and glassy carbon working electrode. The cell was equipped with a non-aqueous Ag + reference electrode and ferrocene as the internal standard. All experiments were performed at room temperature under a nitrogen atmosphere. Scanning in the anodic direction, a quasi-reversible redox couple is observed for the BODIPY dye 7 with E 1/2 ¼ 0.68 V (DE ¼ 120 mV), Fig. 4A .
A reversible couple with E 1/2 ¼ À1.23 V (DE ¼ 60 mV) is revealed upon scanning in the cathodic direction. The cyclic voltammograms of the more conjugated BODIPY dyes 8 and 9 are less well dened, though redox activity is observed. In the case of 8, a broad, irreversible oxidation is observed in the anodic region of the voltammogram with a peak potential of 0.77 V. When scanned in the cathodic direction, two irreversible reductions with peak potentials of À1.03 V and À1.43 V are observed, Fig. 4B. For 9, Fig. 4B , an irreversible oxidation with peak potential of 0.75 V is followed by a quasi-reversible redox couple in the cathodic region with E 1/2 ¼ À1.06 V (DE ¼ 70 mV). Scanning further in the cathodic direction reveals two irreversible reduction waves with peak potentials of À1.45 V and À1.67 V.
From the onset of the oxidation and reduction waves, the HOMO and LUMO energies can be estimated.
32 Scheme 3 depicts a Jablonski diagram of these energies for the BODIPY dyes of Scheme 1.
It has been established that coordination of the BF 2 moiety to the dipyrrin serves to bring the p-orbitals of the dipyrrin into alignment, resulting in a sharper, more intense, bathochromically shied electronic transition.
1 Yet, theoretical calculations indicate that neither the HOMO nor LUMO electron density is located on the boron, but instead resides on the dipyrrin core.
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It is reasonable to assume then that any shis in energy of the electronic transition of the BODIPY dyes is related to the pyrrole or the meso-substituent of the dipyrrin. From the Jablonski diagram of Scheme 3, it appears that with the naphtha [1,2-c] pyrrole-based dyes, the HOMO energy is unaffected by the composition of the meso-substituent. Despite this, the symmetric dyes show greater stabilization of the HOMO energy compared to the asymmetric dyes. In the case of the uorantho [2,3-c] pyrrole-based dyes, the HOMO energy is the same as that for the symmetric naphtha [1,2-c] pyrrole dyes and independent of the symmetry of the dye. It is well established that meso-substituents of BODIPY dyes are typically orthogonal to the BODIPY core thereby preventing overlap of the p-cloud associated with the BODIPY core and the p-cloud of the aromatic meso-substituent. Theoretical studies have indicated that electron-withdrawing meso-substituents stabilize the LUMO energy, while electron-donating mesosubstituents destabilize the LUMO energy. 34 Considering this, comparison of the asymmetric napthyl-pyrrole dyes (1) (2) (3) shows that the LUMO energy is destabilized in the dyes with the electron donating para-uoro and para-methyl phenyl mesosubstituents compared to the meso-phenyl dye, Scheme 3. For the symmetric napthyl-pyrrole dyes (4-7), the LUMO energy exhibiting the greatest destabilization is associated with the meso-trimethoxyphenyl-substituted dye (4) while the most stabilized of this group belongs to the meso-thienyl substituted dye (6) . The LUMO energy for the meso-substituted hydroxynaphthyl (5) and pyrene (7) dyes is identical. This is surprising because, in the case of the uorantho-pyrrole dyes, the pyrene-substituted dye (9) shows greater LUMO destabilization compared to the hydroxy-naphthyl uorantho dye (8) . However, this difference in energy may be associated with the symmetry or lack of symmetry since the asymmetric dyes destabilize the LUMO energy more than the symmetric dyes.
Conclusions
A simple two-step synthetic route to new BODIPY dyes has been established for a variety of aromatic aldehydes and p-conjugated pyrroles. These dyes display signicant photophysical properties that can be tuned by both the choice of aldehyde as well as the choice of p-conjugated pyrrole. The role of the aldehydes plays less of a role in tuning the photophysical properties. Nevertheless, the versatility displayed by these aldehydes may allow for structural adaptations which could prove advantages for numerous applications. It is clear that the greatest effect on the photophysical properties lies with the conjugation associated with the pyrroles. Extending this conjugation further may lead to efficient BODIPY dyes capable of light absorption and emission properties well into the near-IR region of the electromagnetic spectrum.
